Introduction
The acyclic nucleoside phosphonate (S)-1-[3-hydroxy-2-(phosphonylmethoxy)-propyl]-cytosine (cidofovir, CDV) has been reported to selectively inhibit the proliferation of human papillomavirus DNA+ cancer cells in vitro [1] [2] [3] [4] [5] , in animals [2] and in men [6] . CDV is reported to reduce levels of the E6 oncoprotein resulting in an increase in p53 and pRb, allowing the cell to regain control of the cell cycle, slowing proliferation and leading to apoptosis [2] [3] [4] .
The antiviral activity of CDV against several doublestranded DNA viruses (human cytomegalovirus, vaccinia, cowpox) can be increased several logs by esterification with alkoxyalkyl groups such as hexadecyloxypropyl (HDP) or octadecyloxyethyl (ODE) [7] [8] [9] [10] . This was shown to be due to greatly increased cell entry of the lipid-modified drug and higher intracellular levels of CDVdiphosphate, the active inhibitor of viral DNA polymerases [11] . Similar results were noted with HDP esters of (S)-HPMPA in HIV-1-infected cells [12] [13] [14] . As noted above, CDV has been reported to be strongly antiproliferative against cervical cancer cells [1] [2] [3] [4] [5] . We studied the effect of ODE-CDV and several other CDV analogs on the proliferation of primary fibroblast and human cervi- 55 cal cancer cell lines in vitro. ODE-CDV was several logs more active in inhibiting proliferation of cervical cancer cells than CDV and showed 2.5-to 140-fold selectivity for cervical cancer cells versus normal human foreskin fibroblast (HFF) cells [1] .
Recently, we synthesized the HDP and ODE esters of a series of other acyclic nucleoside phosphonates including 9-[2-(phosphonomethoxy)ethyl]guanine (PMEG) and tested them for antiviral activity against HIV-1 in human T lymphoblastic leukemia cell lines, CEM and MT-2. As part of the antiviral assessment, we carried out in vitro cytotoxicity assessments and observed that ODE-PMEG was highly antiproliferative in MT-2 cells with a 50% inhibitory concentration (IC 50 ) of 1 ! 10 -7 M . IC 50 in CEM-SS cells was 6 ! 10 -5 M [15] . Although ODE-PMEG appeared to be highly active in HIV-1-infected cells, the selectivity index was very low and it was concluded that the apparent antiviral effect could be explained by the marked antiproliferative effects of ODE-PMEG [15] . To see if these findings extend to rapidly dividing human cervical cancer cells, we evaluated the antiproliferative activity of unmodified PMEG, HDP-PMEG and ODE-PMEG in three human cervical cancer cell lines, CaSki, Me-180 and HeLa, and in normal HFF cells. Finally, we implanted Me-180 cervical cancer cells in the flank of athymic nude mice, allowed solid tumors to form and assessed the antitumor effects of local injections of ODE-CDV and ODE-PMEG in vivo.
Materials and Methods

Synthesis of Alkoxyalkyl Esters of PMEG
HDP-PMEG and ODE-PMEG were synthesized, purified and characterized as previously described [15] . The synthesis and evaluation of HDP-CDV and ODE-CDV have been reported previously [7, 14] . Purity of the compounds used in this study was assessed at 1 98%. The proton nuclear magnetic resonance and mass spectroscopy data for these compounds have been reported previously [7, 10, 15] . The structures of ODE-CDV and ODE-PMEG are shown in figure 1 .
Cell Lines and Cell Culture
Normal HFF cells (CRL-1634, Hs27) were obtained from the American Type Culture Collection (Manassas, Va., USA) and maintained in minimum essential medium containing 10% fetal bovine serum (Gibco, Grand Island, N.Y., USA). Cervical cancer cell lines associated with the HPV subtypes 16, 68 and 18, CaSki (CRL-1550), Me-180 (HTB-33) and HeLa (CCL-2) were also obtained from the American Type Culture Collection and maintained in McCoy's 5A medium or minimum essential medium containing 10% fetal bovine serum [1] .
Cell Proliferation Assays
Cell lines were plated at 5 ! 10 3 per well in 96-well plates using media with 10% fetal bovine serum added and incubated for about 24 h as described previously [1] . A 10 m M stock solution of PMEG was prepared in water; 10 m M stocks of HDP-PMEG and ODE-PMEG were prepared in 10% DMSO in distilled water. Serial drug dilutions were made in media containing 2% fetal bovine serum to give a final concentration of 6% fetal bovine serum, added to the wells, and incubated at 37 ° C for 5 days. Determination of cell proliferation was performed using an XTT Cell Proliferation Kit II according to the manufacturer's instructions (Roche Molecular Biochemicals, Mannheim, Germany). Briefly, the reagents were mixed and added to the wells and placed on a shaker for 15 min followed by incubation at 37 ° C for approximately 30 min. OD 450 was determined using an ELISA plate reader (Biotek Instruments, Winooski, Vt., USA). The data were plotted and IC 50 was assessed using graphing software (Prizm, GraphPad Software, San Diego, Calif., USA).
Me-180 Tumors in Athymic Nude Mice
Female athymic nude Balb/c mice (Charles River) were injected subcutaneously with 5 ! 10 6 Me-180 cervical cancer cells. The tumors were allowed to become established for 14 days. Tumor measurements were then taken by calipers to measure two dimensions of the tumor in millimeters. These dimensions were multiplied to assess total tumor volume. Baseline tumor volume measurements were approximately 30-35 mm. Mice were then ran-
ODE-PMEG Tumor size measurements and body weights were taken 3 times a week for the indicated times. In the ODE-CDV experiments, tumor-bearing mice were dosed by intratumoral injection of 50 g (2 mg/kg) or 100 g (4 mg/kg) daily for 21 days. Body weight and tumor size were assessed 3 times a week to day 21. After treatment was stopped the animals were maintained until day 56 when tumor size was reassessed ( fig. 2 ). In the experiments with ODE-PMEG, animals were dosed by intratumoral injection of 25 g (1 mg/kg) or 12.5 g (0.5 mg/kg) of ODE-PMEG as indicated for 21 days while the control mice received 0.9% saline solution. Tumor size was measured 3 times weekly for 40 days ( fig. 3 ).
Results
The antiproliferative activity of PMEG was evaluated after a 5-day exposure in primary HFF cells and in 3 human cervical cancer cell lines using the XTT cell proliferation assay and IC 50 was assessed and compared with HDP-PMEG and ODE-PMEG ( table 1 ) . In most cervical cancer cell lines, HDP-PMEG and ODE-PMEG were 600-400,000 times more inhibitory than unmodified PMEG. An exception was seen with HDP-PMEG in Me-180 cells. In normal HFF cells, smaller 3-to 9-fold increases in antiproliferative activity were noted for HDP-PMEG and ODE-PMEG versus the very low IC 50 values noted in the cervical cancer cell lines.
We compared the antiproliferative activity of ODE-PMEG with that reported previously for ODE-CDV in Me-180 human cervical cancer cells were injected into the flanks of athymic nude mice and after the tumor size had reached 20-30 mm (about 5 ! 5 mm), animals were treated daily for 21 days by intratumoral injection of 0.9% saline or with 2 mg/kg (50 g) or 4 mg/kg (100 g) of ODE-CDV. Tumor size was estimated for 21 days and after cessation of treatment, animals were maintained and tumor size evaluated after 56 days ( fig. 2 ) . Control tumors injected daily with 0.9% saline grew progressively to 67 mm by day 21. Me-180 cervical cancers treated with 50 or 100 g per day of ODE-CDV continued to grow for the first 10 days at a rate similar to controls. However, by day 13, a rapid decline in tumor size was noted in the 100 g per day group and by day 17 all tumors had disappeared leaving normal-appearing skin at day 56. In the group treated with 50 g/day of ODE-CDV, tumor size decreased gradually by day 21 to about 30% of the size of control tumors. Treatment was stopped and the animals were observed. The tumors gradually decreased in size and by day 56, none of the animals had remaining tumor. Control tumor measurements had increased linearly to 122 mm on day 56. Body weight of the controls increased 7.1% by day 21 versus a loss of body weight of -3.6 and -8.2% in the 50 and 100 g/day treatment groups, respectively. However, by day 56, both ODE-CDV-treated groups had regained their starting weights.
ODE-PMEG is several logs more active than ODE-CDV in various human cervical cancer cell lines in vitro ( table 2 ) . To compare the in vivo activity of ODE-CDV and ODE-PMEG, we treated Me-180 tumors for 21 days with daily intratumoral injections of ODE-PMEG or vehicle and measured tumor size and body weights 3 days per week up to 40 days at which time the experiment was terminated ( fig. 3 ). Tumors treated with the normal saline vehicle increased progressively from 28 to 66 mm by day 21 and continued to grow to 88 mm at day 34 after which time they decreased slightly in volume. Tumors treated with 25 g daily increased in size for 10 days followed by a rapid decline in tumor volume to 19 mm at day 21. After treatment was stopped, tumors in this group continued to decline in size. By day 40, 7 of 8 animals had no measurable tumor at the injection site. Similar results were noted at day 21 in the 12.5 g per day treatment group, but only 4 of 8 animals in this group had no measurable tumor at day 40. At day 21, the body weight of control animals decreased by -4.5% versus -5.1 and -10.4% in the 12.5 and 25 g/day groups, respectively. After the injections were stopped at day 21, all groups of animals regained weight and by day 40 the body weights of the control and treatment groups were not statistically different.
Discussion
Acyclic nucleoside phosphonates like CDV, (S)-HPMPA and PMEG have limited cellular uptake and esterification with HDP and ODE groups has been shown to increase cell uptake by more than 100-fold in vitro [11, 13, 14] . We first reported the synthesis of ODE-PMEG in 2006 as part of a survey of the ability of alkoxyalkyl esters of acyclic nucleoside phosphonates to inhibit HIV-1 replication in infected cells [15] . ODE-PMEG was highly cytotoxic in MT-2 lymphoblastic T cells with an IC 50 value of ! 1 ! 10 -7 M while unmodified PMEG was at least 1,000-fold less cytotoxic [15] . IC 50 for ODE-PMEG in CEM-SS cells, a human T cell leukemia line, was 6 ! 10 -5 M ; PMEG itself was previously reported to have an IC 50 value of 0.7 M in CEM-SS cells [16] . Thus, ODE-PMEG is several 1,000-fold more antiproliferative than PMEG in CEM-SS cells in vitro.
We reported previously that ODE-CDV was many times more antiproliferative than unmodified CDV in a CDV and ODE-CDV data are from Hostetler et al. [1] . PMEG and ODE-PMEG data are from table 1. panel of human cervical cancer cell lines [1] . In this report, we compared ODE-CDV and ODE-PMEG against several human cervical cancer cell lines ( table 1 ) and found them to be highly inhibitory to cervical cancer cell proliferation. ODE-PMEG was significantly more active than ODE-CDV by 195-fold in Me-180 cervical cancer cells ( table 2 ) . The activity of ODE-PMEG in Me-180 solid tumors in athymic nude mice was also greater than ODE-CDV but only by a factor of 4.
With regard to the mechanism of antitumor activity, PMEG has been shown to be the most active of the acyclic nucleoside phosphonates inducing antiproliferative effects in CEM-SS human lymphocytic leukemia cells in vitro [16] and was shown to be effective against intraperitoneal P338 leukemia in mice [17] . PMEG is metabolized by anabolic phosphorylation to PMEG diphosphate (PMEGpp), which is a potent inhibitor of human polymerases ␣ and ␦ [18] and polymerase [19] . PMEG can be incorporated into DNA and functions as an obligatory chain terminator; only polymerase can repair the PMEG-terminated chain [19] .
GS-9219 is a prodrug which gives rise intracellularly to PMEGpp. In chronic lymphocytic leukemia cells, PMEGpp is incorporated into DNA in response to ultraviolet activation, inhibiting DNA repair and leading to strand breaks and apoptosis [20] . These effects of PMEGpp are presumed to be the basis for its antitumor activity [18] [19] [20] . Wolfgang et al. [21] recently reported studies in cervical cancer cells with GS-9191, a prodrug which gives rise intracellularly to PMEG after hydrolysis of isopropylphenylalanyl protecting groups on the phosphonate followed by deamination to PMEG. PMEG is converted by anabolic phosphorylation to PMEGpp, the active metabolite. GS-9191 inhibited proliferation of various human cervical cancer cell lines with IC 50 values ranging from 0.03 to 284 n M [21] .
ODE-PMEG has antiproliferative activity equivalent to, or more active than GS-9191 in 3 cervical cancer cell lines which were studied by both Wolfgang et al. [21] and in this report ( table 3 ) . In CaSki cells and Me-180 cells, the observed IC 50 values for GS-9191 and ODE-PMEG were comparable at 2 n M . In HeLa cells, however, the IC 50 value of ODE-PMEG was 0.035 n M versus 0.71 n M for GS-9191, representing an increase in antiproliferative activity of 20-fold. Interestingly, in some cervical cancer cell lines, conversion of GS-9191 to its active form may be slow despite good cellular uptake of the double prodrug [21] . In contrast, ODE-PMEG requires only one cleavage by a phospholipase-C-like enzyme as shown previously with related ODE and HDP esters of acyclic nucleoside phosphonates [11, 13, 14] . Although ODE-PMEG carries one negative charge while GS-9191 is neutral, cell uptake of ODE-PMEG is not by passive diffusion but by active association and insertion into the cell membrane's lipid bilayer followed by transbilayer movement and desorption from the inner leaflet of the plasma membrane [14] , an ideal strategy for a topical agent. Although the present in vivo studies were done by injecting test compounds directly into solid tumors, we found previously that topical applications of ODE-CDV were effective in treating cutaneous vaccinia infection in athymic nude mice [J. Neyts, E. De Clercq and K.Y. Hostetler, unpublished data] . This suggests that topical treatment of cervical dysplasia might be possible with these agents. The basis for the increased antitumor activity of ODE-PMEG has not been studied in depth but is likely to be due to increased cellular uptake and conversion of ODE-PMEG to PMEGpp as demonstrated previously for alkoxyalkyl esters of CDV and (S)-HPMPA [11, 13, 14] and for PMEG resulting from the cellular metabolism of GS-9219 [20] and GS-9191 [21] .
In conclusion, ODE-PMEG has excellent antiproliferative activity against several cervical cancer cell lines in vitro. In vivo, it is highly active against Me-180 solid tumors in athymic nude mice. ODE-PMEG is worthy of further research and development and may prove useful for local or topical treatment of cervical dysplasia. 
